Using multi-epoch VLA observations, covering a time baseline of 29.1 years, we have measured the proper motions of 88 young stars with compact radio emission in the core of the Orion Nebula Cluster (ONC) and the neighboring BN/KL region. Our work increases the number of young stars with measured proper motion at radio frequencies by a factor of 2.5 and enables us to perform a better statistical analysis of the kinematics of the region than was previously possible. Most stars (79 out of 88) have proper motions consistent with a Gaussian distribution centered on µ α cos δ = 1.07 ± 0.09 mas yr −1 , and µ δ = −0.84 ± 0.16 mas yr −1 , with velocity dispersions of σ α = 1.08 ± 0.07 mas yr −1 , σ δ = 1.27 ± 0.15 mas yr −1 . We looked for organized movements of these stars but found no clear indication of radial expansion/contraction or rotation. The remaining nine stars in our sample show peculiar proper motions that differ from the mean proper motions of the ONC by more than 3 σ. One of these stars, V 1326 Ori, could have been expelled from the Orion Trapezium 7,000 years ago. Two could be related to the multi-stellar disintegration in the BN/KL region, in addition to the previously known sources BN, I and n. The others either have high uncertainties (so their anomalous proper motions are not firmly established) or could be foreground objects.
INTRODUCTION
The angular resolution of radio interferometers improves proportionally with the longest baseline in the array. With baselines of tens of kilometers, as with the Karl G. Jansky Very Large Array (VLA), angular resolutions of order 0 . 1 are possible around ν = 10 GHz. This enables source posi-tions to be measured to about 0 . 01 even for moderate signal-to-noise detections. In addition, interferometric radio observations are usually phasereferenced with respect to background quasars whose positions are accurately measured in the International Celestial Reference Frame (ICRF). Thus, although they are not strictly absolute, the positions delivered by radio interferometers at multiple epochs can be directly compared, and accurate proper motions can be measured. Indeed, VLA observations with time separations of several years have been used to measure proper motions with errors of the order of 1.0 mas yr −1 (Rodríguez et al. 2003; Loinard 2002; Dzib et al. 2014) .
A significant fraction of Young Stellar Objects (YSOs) are radio emitters thanks to two main mechanisms: thermal bremsstrahlung (free-free) and non-thermal gyrosynchrotron emission. Both classes can be observed with the VLA. Thus, multi-epoch VLA observations can be used to accurately measure the proper motions of YSOs. This is particularly interesting because, unlike optical or near-infrared observations, radio measurements are essentially immune to obscuration by dust.
The Orion Nebula Cluster (ONC) is the nearest region (d=414±7 pc, Menten et al. 2007) 1 having recently formed massive stars. In the core of the ONC (Hillenbrand & Hartmann 1998) , there are two sub-regions of particular interest: the Orion Trapezium and the Orion BN/KL region, which is located behind the ONC. Together they cover an area of a few square arcminutes. This area is also one of the most crowded with young stellar objects emitting at radio frequencies (i.e., Garay et al. 1987; Churchwell et al. 1987; Zapata et al. 2004; Kounkel et al. 2014; Forbrich et al. 2016) . Taking advantage of these characteristics and using multi-epoch observations, the proper motion of several objects were measured by Gómez et al. (2005 Gómez et al. ( , 2008 . Here we will expand and improve this study by adding recent observations made with the newly expanded VLA at similar frequencies and resolutions as those used by Gómez et al. (2005 Gómez et al. ( , 2008 . We will use the new proper motions to study the overall Galactic motion of the clus-ter, its internal kinematics, and to identify radio sources with peculiar velocities. Finally, our study can be compared with kinematic studies at optical wavelengths of radial velocities (Kounkel et al. 2016b ) and proper motions ).
OBSERVATIONS
We searched the VLA archive for deep (<150 µJy beam −1 ) observations recorded in the most extended A configuration at C band (4 to 8 GHz) and X band (8 to 12 GHz). The frequencies and configuration were chosen as a compromise between angular resolution (better than 0. 5) and the area covered by the field of view. These two bands are also the most sensitive of the VLA.
Observations with these characteristics were found for the following epochs (see also Gómez et al. 2005 Gómez et al. , 2008 , 2011 July 2, 2011 July 24, 2011 August 29 (results of these observation were reported by Kounkel et al. 2014) , 2012 October 3 (Forbrich et al. 2016) , and 2014 March 3 (archival data reported here for the first time). All these observations used the quasar J0541-0541 as phase calibrator, a source that is at an angular separation of 1.
• 6 from the ONC core. We include an additional epoch, 1991 September 6, to more uniformly cover the time baseline of ∼30 years between the first and last observed date. However, the quasar J0501-019 was used as phase calibrator in this epoch. The angular separation of this quasar from the ONC core is 9.
• 1. Such a large separation will affect the measured positions for this epoch (e.g., Pradel et al. 2006) . In fact, Gómez et al. (2008) estimated a systematic offset in declination of ∆δ = −0. 035 for this observation, which we will use here as well.
Observations that were taken prior to the VLA expansion in 2010 were calibrated, edited and imaged in AIPS as described in Gómez et al. (2005 Gómez et al. ( , 2008 . The remaining epochs were processed similarly using the CASA software (McMullin et al. 2007) . Positions of the sources were obtained using a two dimensional gaussian fit (task 'imfit' in CASA). For epochs 2011 For epochs .36, 2011 For epochs .50 and 2011 , in order to obtain a better noise level than that reported by Kounkel et al. (2014) , we combined the two recorded sub-bands (each 1 GHz wide and centered, respectively, at 4.5 and 7.5 GHz). Also, when a given source was detected in several of the three epochs reported by Kounkel et al. (2014) , we use a weighted average of the positions, and a time-stamp corresponding to the weighted mean of the corresponding epochs. 
RESULTS
After measuring the positions of the sources in individual epochs, we used them to compute their proper motions. In order to obtain accurate results we restricted our proper motion measurements to those radio sources with at least three detections and a minimum separation between the first and the last detected epochs of 5 years. A total of 92 sources fulfill these requirements. This is more than twice than those previously analyzed by Gómez et al. (2005) . From these sources, four are related to the explosive event in the BN/KL region and will be discussed in a separate paper by Rodríguez et al. (2016) . Proper motions for the remaining 88 sources were obtained using a leastsquares fitting to the positions of the sources. Systematic errors of the order of 10 mas were added to the errors given by imfit, in order to obtain a reduced χ 2 of one. The systematic errors are expected to be dominated by uncertainties introduced by the interpolation of the phase calibration from the quasar to the targets field. The measured proper motions are listed in columns 3 and 4 of Table 2 and their distribution in the plane of the sky are shown in Figure 1 . From our sample, for 14 stars (16%) the proper motion measurements are significant above 2-σ in both directions (right ascension and declination), for 43 (49%) the proper motion in at least one direction is above 2-σ, while for 31 (35%) the measurements are below 2-σ in both directions. To highlight the first two cases in Figure 1 we used different levels of transparency when we draw the arrows. To calculate the transverse velocities corresponding to these proper motions, we use 1 mas yr −1 ≡ 1.96 km s −1 as appropriate for the distance (414 pc; Menten et al. 2007 ) to the ONC.
We now compare our results with previous results. In the top panels of Figure 2 , we show the comparison between our measured absolute proper motion and those obtained by Gómez et al. (2005) for the 35 radio sources that we have in common. While most of the proper motions in right ascension agree within 1σ, in declination there is a systematic shift. This systematic shift can be attributed to the different quasar used in the 1991.68 epoch. As we mentioned before, Gómez et al. (2008) found a systematic shift in declination of ∆δ = −0. 035 that was not used by Gómez et al. (2005) . To test our hypothesis we measured the proper motion of the same 35 sources without epochs 1985.05 and 1991.68 and compare them with the proper motions from Table 2 , this comparison is shown in the bottom panels of Figure 2 . In this case we see that the vast majority of the proper motions agree in both right ascension and declination. Thus, we confirm that it is correct to use the ∆δ value found by Gómez et al. (2008) for the epoch 1991.68.
From the same top panels of Figure 2 , an improvement in the error can be noticed between the old and new measurement of proper motions. These improvements are on average of the order of two. As can be seen from Appendix A, the proper motion errors are expected to decrease with time as t −3/2 , in ideal cases. Thus, by duplicating the time baseline we expect an improvement in errors by a factor of 2.8. Differences between the real improvements and those expected can be due to the non-uniform sampling when observing and to different position errors between the observed epochs. Menten et al. (2007) used the Very Long Baseline Array (VLBA) telescope to observe four non- thermal YSOs (GMR A, GMR 12, GMR G and GMR F) and obtained accurate astrometry for them. Our VLA astrometry for these sources is consistent to better than 1.5 ×σ with that reported by Menten et al. (2007) . The only exception is for the right ascension component of the proper motion of GMR G, for which the VLBA value is about twice the figure obtained with the VLA. Many VLBA-detected YSOs belong to tight multiple systems (Ortiz-León et al. 2016 submitted) . In some systems a close companion could cause differences of measured proper motions between the VLA and the VLBA, since the former will measure the total motion of the system and the latter could be dominated by an orbital motion component (e.g., Loinard et al. 2007 ). More recent VLBA observations of GMR G by Kounkel et al. (2016a) obtained different values for the proper motions than those reported by Menten et al. (2007) suggesting that the motion of the source is not uniform, perhaps due to a close companion.
ANALYSIS AND DISCUSSION

Mean proper motions and velocity dispersions
From the measured proper motion we obtained the mean velocity along both axes (right ascension and declination). This information is then used to identify stars with large peculiar motions. As is shown in Figure 3 , stars with proper motions three or more times above the mean proper motion values, red squares, are subsequently not used for our internal kinematic analysis and are discussed separately. These stars are also shown as red arrows in Figure 1 .
For the remaining stars the mean proper motions are: agrees within errors. On the other hand, the declination value does not. As discussed in the previous section, the results of Gómez et al. (2005) were affected by a systematic shift in this coordinate for the 1991.68 epoch (Gómez et al. 2008 ). We attribute the differences to this shift. We argue that the values quoted above represent the bulk relative motion between the ONC and the Sun. The transformation of the mean proper motions to the Galactic coordinate system yields The theoretical values of proper motions expected for a source in Orion, can be derived from a Galactic rotation model and compared with our results. To estimate this expected motion, we assume, first that the stars move in circular orbits around the Galactic center with an LSR speed of 254 km s −1 (Reid et al. 2009 ). Second, we adopt a Solar motion relative to the LSR of (U, V, W ) = (11.10, 12.24, 7.25) km s −1 (Schönrich et al. 2010 ). Finally, we assume that the Sun is at a distance of 8.4 kpc from the Galactic center (Reid et al. 2009) . From this Galactic rotation model the expected Galactic proper motions for stars at the position of Orion are: Thus, the average proper motion in Galactic longitude of Orion is consistent with those ex-pected from models of Galactic rotation. In Galactic latitude there is a peculiar motion of 0.60±0.12 mas yr −1 ≡ 1.18 ± 0.24 km s −1 toward the Galactic plane.
Having measured the mean proper motion of the central ONC, we subtracted it from the individual measured proper motions to calculate the proper motions of the sources in the rest frame of the ONC (Figure 4) . The dispersion (σ) of these proper motions (after correction for the errors of measurement following Jones & Walker 1988) are: σ α = 1.08 ± 0.07 mas yr −1 ≡ 2.12 ± 0.13 km s −1 , σ δ = 1.27 ± 0.15 mas yr −1 ≡ 2.49 ± 0.29 km s −1 .
The velocity dispersion values are lower than those found by Gómez et al. (2005) for their radio sources analysis which are σ α, GRL2005 = 2.3 ± 0.2 mas yr −1 and σ δ, GRL2005 = 3.1 ± 0.2 mas yr −1 . The differences in the results can be attributed to the different number of analyzed sources and to the fact that Gómez et al. (2005) did not correct for the errors of measurement.
Our measured velocity dispersions are in agreement with the velocity dispersions found by Jones & Walker (1988) from optical observation of σ α, JW1998 = 0.91 ± 0.06 mas yr −1 and σ δ, JW1998 = 1.18 ± 0.05 mas yr −1 . Our computed velocity dispersions are also similar to the stellar radial velocity dispersion in the ONC of σ V rad 2.5 km s −1 (Kounkel et al. 2016b ). Finally, they are also similar to the velocity dispersion on the plane of the sky of the ONC ionized gas of σ pos 3±1 km s −1 , but significantly lower than the velocity dispersion along the line of sight of the ONC ionized gas σ los 6 ± 1 km s −1 (Arthur et al. 2016 ). However, the latter could be affected by large velocity gradients and emissivity fluctuations along the line of sight (Arthur et al. 2016 ).
The internal kinematics
According to the review of Muench et al. (2008) , there is some conflict between results of studies of the kinematics of stars in Orion. Some authors (e.g., Parenago 1954; Strand 1958; Fallon et al. 1977) have claimed evidence of expansion or contraction, but it has also been claimed that these results are due to observational errors (e.g., Vasilevskis 1962 Vasilevskis , 1971 Allen et al. 1974) . Furthermore, given the velocity dispersions, one would expect the ONC core to be virialized and not contracting nor expanding motions are expected (e.g., Hillenbrand & Hartmann 1998) .
Using our measured proper motions, we searched for evidence of organized motions, specifically for expansion (or contraction) and rotation. First, we will use the proper motions of the radio sources relative to the Orion rest frame that are listed in columns 5 and 6 of Table 2 . We follow Rivera et al. (2015) and define the vectors r * ,r * and δv * for the position, the unit vector associated to the position, and the velocity for each star with respect to the center of the group. The cross productŝ r * × δv * and the dot productsr * · δv * are calculated individually for all the stars. The mean values of the cross and dot products can be used to search for organized movement. In a purely radial movement the mean cross product is expected to be zero, while the mean dot product will be large (positive for expansion and negative for contraction). On the other hand, for pure rotation the mean cross product will be large and the mean dot product is zero. For the YSOs in Orion we obtained: r * × δv * = 0.7 ± 0.3 km s −1 , and r * · δv * = −0.1 ± 0.3 km s −1 .
These numbers are small in comparison with the velocity dispersion, so our results do not point toward the existence of organized motions in the central ONC. In particular there are no signs of expansion or contraction and this result agrees with previous discussions by Vasilevskis (1962 Vasilevskis ( , 1971 and Allen et al. (1974) .
Fast Moving Sources
Stars with large peculiar velocities have been reported in the Orion Trapezium-BN/KL region in the past. The more interesting case is found in the BN/KL region where three stars (sources BN, I and the two components related to source n) were suggested to participate in a dynamical decay event around 550 years ago (Rodríguez et al. , 2016 Gómez et al. 2005 Gómez et al. , 2008 , this event could also be related to the explosive phenomenon in the BN/KL region (Bally & Zinnecker 2005) . Two other stars were proposed to be ejected from the Orion Trapezium and one more was proposed to be ejected from the molecular core [TUK93] 28 a few thousand years ago . The proposed mechanism that produce these fast moving sources is n-body interactions (Poveda et al. 1967 ). We will use our results to identify new candidates to fast moving sources in this region.
From the 88 radio proper motion reported in this paper, we found that, in addition to the four sources in the Orion BN/KL region, nine present proper motion significantly different from the rest of the radio sources in the core of the ONC (Figure 1 ). These sources are: V 1326 Ori, COUP 391, COUP 640, Parenago 1839, MLLA 606, MLLA 630C, MLLA 712, Zapata 11 and IRc 23. The measured proper motions of COUP 640 and Parenago 1839 are below 1-σ, and thus they are not significant. We now discuss what could be the origin of the peculiar proper motions of the remaining fast moving sources.
First, we check if these sources are foreground objects (e.g., Alves & Bouy 2012) . Sources at closer distances than Orion will have larger proper motions than sources that are actually part of this region. From the Galactic rotation model described above we obtained the expected proper motions of sources in the direction to Orion at different distances (Table 3) . From this table we note that stars at closer distances will have larger and more negative proper motion in declination, while in right ascension the proper motion will be small and positive. Comparing these figures with the measured motions of our high peculiar proper motion sources, we conclude that MLLA 606 and MLLA 630C could be sources at a closer distance to the Sun than the Orion system. Due to their large errors, however, it is not possible to favor any distance, and in fact within errors these sources could also be part of the Orion system.
The proper motion vector of V 1326 Ori is one of the largest in our sample. Interestingly, these motions suggest that in the past it was closer to the densest region of the Trapezium group (see Figure 1) . Thus, this source could have been ejected around 7,000 years ago from the Trapezium maybe also via n-body interactions. The proper motions of this source in the rest frame of the ONC correspond to a linear velocity of 28.0±10.8 km s −1 . The source Zapata 11 is 1. 5 southwest from the famous BN source and it was first noticed by Menten & Reid (1995) , who suggested that it is a jetlike extension of this source. The measured proper motion of Zapata 11 are comparable with those of BN (Gómez et al. 2008; Rodríguez et al. 2016 ; see also Figure 5 ) and there is no significant evidence that it is moving away rapidly from BN. Thus Zapata 11 could be, instead, a companion of BN, although the separation between the two (∼621 AU) seems somewhat large for sources in the region (for example see the discussion by Petr et al. 1998) . Additional observations could help to distinguish between these two hypothesis. On the other hand, source IRc 23 is located ∼ 7. 5 northeast of BN. It was first reported at radio frequencies by Forbrich et al. (2016) 2 with a spectral index that suggests non-thermal emission. Extrapolating the proper motions of IRc 23 to 550 years in the past it appears to agree, within the errors, with the position where sources BN, I and n were then ( Figure 5 ). However, due to the large uncertainties, the relation of IRc 23 with the other sources in BN/KL needs to be investigated further.
Finally, the sources COUP 391 and MLLA 712 have proper motions with large uncertainties, and within errors they are also consistent within three times the mean proper motion, our criteria to select fast moving sources. Future observations could help to decide if these objects have large peculiar motions or not. 
CONCLUSIONS
Using observations with the VLA radio interferometer that span 29.1 years, we measured the absolute proper motions of 88 YSOs with radio emission in the Orion Trapezium-BN/KL region. The analysis of these proper motions let us reach the following conclusions:
1. The mean proper motions of the Orion Trapezium-BN/KL regions are µ α cos δ = 1.03 ± 0.10 mas yr −1 and µ δ = −0.82 ± 0.16 mas yr −1 . These proper motions agree within errors with those expected from Galactic rotation curves, with only a small peculiar motion of 1.14±0.24 km s −1 toward the Galactic plane.
2. The calculated velocity dispersions are σ α = 2.12 ± 0.13 km s −1 , σ δ = 2.49 ± 0.29 km s −1 . These values are in agreement with those obtained at optical wavelengths from proper motions by Jones & Walker (1988) , stellar radial velocities by Kounkel et al. (2016b) , and from gas radial velocities by Arthur et al. (2016) .
3. The kinematics of the sources do not show evidence for expansion, contraction or rotation of the ONC.
4. The large proper motions measured for V 1326 Ori indicate that it could be a runaway star, and the proper motion vector suggests that it might have been ejected from the Orion Trapezium around 7,000 years ago.
5. Extrapolating the proper motions of radio sources Zapata 11 and IRc 23 to 550 years in the past, we find that their positions are close to the intersecting position of sources BN, I and n, the massive stars that participated in a dynamical disintegration. Source Zapata 11 could be either a companion or a slow ejecta of BN.
6. The proper motions of six other radio sources also indicate large peculiar motions. However, within the errors they could also follow the bulk kinematics of the other sources in the region. For two of them, however, the proper motions could be more naturally explained if they were objects along the line of sight to, but at a smaller distance than, the ONC.
The astrometric radio studies of the Orion Trapezium-BN/KL region appears promising for the future, since Forbrich et al. (2016) detected a total of 556 compact radio sources in this region. With additional new high resolution and high sensitivity radio observations distributed in the next decade, it will be possible to measure the proper motion of these hundreds of sources and perform a comprehensive internal kinematic study of YSOs in the densest region of Orion.
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A. Improvement of the errors in proper motion determinations as a function of time
The least-squares fitting to the positions of a source as a function of time is a linear regression problem. Following Press et al. (1992) , the position x in either right ascension or declination is described as a function of time t as:
where a is the intercept of the line with the x-axis and b is the slope. If we have a set of N data points (t i , x i ) we can define the following sums:
In these sums σ i is the error associated to each x i value. Additionally defining
the best fit model parameters are given by:
Finally, the errors of the parameters are given by:
To simplify the calculations we will assume that the measurements are made evenly in time: t = 0, ∆t, 2∆t, 3∆t, ..., (N − 1)∆t ,
where ∆t is the time interval between measurements. We also assume that the error of each measurement is the same:
With these simplifications, three of the sums listed above are given by: In equations (A12) and (A13) we have used the formulae for the addition of the natural numbers and the addition of the squares of the natural numbers, respectively. Equation (A4) can be approximated by:
where we have assumed that N 2 1. Finally, substituting in equations (A7) and (A8) we obtain:
In summary, the error in the intercept will decrease as time −1/2 , while the error in the slope will decrease as time −3/2 . Thus, duplicating the time coverage will improve the determination of proper motions by an important factor of 2.8.
